ABSTRACT: Cultivated strawberry (Fragaria × ananassa Duch.) is a high value horticultural crop.
Introduction
Cultivated strawberry (Fragaria × ananassa Duch.) is an octoploid (2n = 8x = 56) generated by natural hybridization between two octoploid strawberry species, F. chiloensis and F. virginiana (Hancock et al., 2010) . To date, 23 strawberry species have been reported, with various ploidy levels from diploid to decaploid (Nathewet et al., 2010; Rousseau-Gueutin et al., 2009) .
Numerous strawberry breeding programs have been developed to generate new cultivars with improved taste and flavor or extended harvest period and shelf life (Capocasa et al., 2008; Faedi et al., 2000) . Breeding success is associated with accessibility to breeding resources and genetic variations. Consequently, information regarding the genetic diversity and population structure of breeding resources is important for efficient development of new cultivars. Traditionally, the identification of strawberry cultivars was determined by the examination of differences in morphological or physiological characteristics such as leaf, flower, fruit parameters, and flowering habit (Dale, 1996; Nielsen and Lovell, 2000) . However, such methods are unsuitable for cultivated strawberries as genetic and phenotypic variations between cultivars are minimal. As a consequence, DNA markers were developed to facilitate analysis of genetic diversity, linkage mapping, and identification of cultivars (Chambers et al., 2013; Congiu et al., 2000; Degani et al., 2001; Garcia et al., 2002; Govan et al., 2008; Isobe et al., 2013; Kunihisa et al., 2003; Tyrka et al., 2002) . SSR markers for strawberry were first developed using primer pairs that amplified characterized regions such as expressed sequence tags (ESTs) or genomic libraries, in contrast to other primer pairs that amplified anonymous DNA fragments (Ashley et al., 2003; Bassil et al., 2006; Gil-Ariza et al., 2006; James et al., 2003; Lewers et al., 2005; Monfort et al., 2006; Sargent et al., 2003) . The completion of the genome sequence of diploid F. vesca allowed robust SSRs to be developed and mapped on the Fragaria reference map (Rousseau-Gueutin et al., 2011; Sargent et al., 2011; Zorrilla-Fontanesi et al., 2011) . In this study, we assessed the genetic diversity of 160 strawberry accessions used for breeding in Korea, including 34 newly collected accessions. The genotyping results will provide a molecular basis for future breeding programs and will facilitate the development of novel strawberry cultivars with increased genetic diversity.
Materials and Methods

Plant materials and DNA extraction
A total of 160 strawberry accessions (130 accessions from the Korea Rural Development Administration (RDA) Genebank Information Center, and 30 newly generated or collected accessions) were provided by the Nonsan Strawberry Experimental Station (Nonsan, Korea) (Table 1) . Accessions were collected from Korea (26 accessions), Japan (46 accessions), the United States (45 accessions), Europe (13 accessions: four from the United Kingdom, three from the Netherlands, two each from Germany and Russia, and one each France and Spain), and other countries (nine accessions: three from each of Canada and Israel, two from China, and one from New Zealand). The countries of origin of 21 accessions were unknown. Genomic DNA was extracted from young leaves using a WizPrep Plant DNA Mini Kit (Wizbiosolutions) according to the manufacturer's protocol. The final DNA concentration was adjusted to 10 ng per ul for use in a polymerase chain reaction (PCR). 
SSR analysis
A subset of 24 strawberry accessions (accessions 1-24, Table 1 ) was used to select SSR markers that could discriminate effectively between the different accessions. Genotyping was performed using 16 SSR markers that were developed by three independent research groups (Chambers et al., 2013; Govan et al., 2008; Isobe et al., 2013) . PCR products were analyzed using a MultiNA microchip electrophoresis system (MCE-202 MultiNA, Dongil Shimadzu). Peak sizes on electropherograms were automatically detected by MultiNA software (MultiNA Control Software and Data Analysis Software MultiNA Viewer, Dongil Shimadzu). Five SSR markers were selected from all the 160 strawberry accessions for analysis. Modified primer sequences for the markers are listed in Table 2 . PCR reaction mixtures contained 1 ng of template DNA, 1 × PCR buffer, 0.25 mM of dNTP mixture, 2.5 µM of each primer, and 1 unit of i-Max II DNA polymerase (iNtRON) in a total volume of 20 µl. PCR conditions were as follows: initial denaturation at 94 °C for 5 min, followed by 36 cycles at 94 °C for 30 s, 50 °C for 30 s, and 72 °C for 30 s, and then a final extension at 72 °C for 5 min. PCR reactions were performed using a C1000 Touch Thermal Cycler (Bio Rad Laboratories).
Genetic diversity analysis
The genetic diversity of 160 strawberry accessions was analyzed using five selected SSR markers. First, SSR marker peaks were scored as 1 (presence of peak) or 0 (absence of peak) for each accession. Rare alleles and accession-specific alleles were applied in this study to distinguish strawberry accessions (Cho et al., 2007; Govan et al., 2008; Yoon et al., 2012) . The binary data set for all strawberry accessions was then assembled in a single matrix and analyzed using the unweighted pair group method with an arithmetic mean (UPGMA, http:// genomes.urv.cat/UPGMA/) algorithm (using the Jaccard coefficient) to calculate genetic similarities and distances between the accessions. Output data in the Newick format were used with MEGA version 6 to produce a dendrogram (Tamura et al., 2013) .
Results and Discussion
Evaluation of diversity markers and genotyping of 160 strawberry accessions
In this study, we strengthened strawberry breeding resources in Korea by analyzing 160 previously collected or newly generated strawberry germplasms. To determine the optimal markers for genotyping, 16 previously developed SSRs (nine from Govan et al. (2008) , six from Chambers et al. (2013) , and one from Isobe et al. (2013) ) were used to test 24 of the 160 strawberry accessions (accession 1-24) ( Table 1) . Of the sixteen markers, eight yielded dim or difficult to interpret fingerprints, and three were insufficiently polymorphic (Figure 1) . The remaining five markers, which were developed by Chambers et al. (2013) , revealed clear fragments that were highly polymorphic between accessions (Figure 1 ). These five markers were chosen for genotyping from all 160 accessions. A total of 60 alleles (19 from FG7c/d, 13 from FG7a/b, 12 from FG1a/b, and 8 from each of FG2a/b and FG7e/f) were obtained from the five markers across all accessions (Table 2 ). All the markers were highly polymorphic: individual markers separated the 160 accessions into 17 (FG7e/f) to 54 (FG2a/b) allelic patterns. Allele sizes among the 160 accessions were in the range of 123 bp (FG1a/b) to 599 bp (FG7e/f) ( Table 2) , which differed slightly from those observed previously (Chambers et al., 2013) . These differences may be attributable to the different strawberry accessions tested, slight modifications to primers (see Table 2 ), different PCR conditions, and different genotyping equipment.
Allele frequencies were in the 0.006-1 range (Figure 2) . Of the 60 alleles identified in the 160 accessions, 21 alleles (35 %) occurred with low frequency (< 0.1). These 'rare alleles' were detected by all five markers: one rare allele was identified using FG2a/b, three alleles from FG7e/f, five alleles from FG1a/b and FG7a/b, and seven alleles from FG7c/d (Table 2) . One allele detected with FG7c/d (291 bp) was detected only in a single accession, accession 80 (from United States), which was suggestive of an accession-specific allele. Of the 160 strawberry accessions, 53 % (84 accessions) possessed Chambers et al., 2013, Mol Breeding; Reverse primers were shorter than those of reference due to deletion of M13 sequence; 1-8 rare alleles, indicating the value of the rare alleles in discerning the different accessions. Of these 84 accessions, the largest number (32) was collected from the United States, followed by Japan (19), unknown origin (12), Korea (10), Europe (8), Canada (1), China (1), and New Zealand (1). One of the two Chinese accessions (accession 119) possessed five rare alleles, whereas the other Chinese accession (accession 118) showed no rare allele. This result indicated that the origin of the germplasm and the genetic relationship did not always correlated in strawberry resources.
Genetic diversity and classification of strawberry accessions
The genetic relationships between 160 strawberry accessions were analyzed using the 60 polymorphic alleles generated from the five SSR markers (Figure 3) . Together, the five SSR markers distinguished 155 of the accessions. The remaining accessions consisted of five pairs of duplicates (accession 83 (including its duplicate, accession 84), accession 115 (including its duplicate, accession 116), accession 70 (including its duplicate, accession 71), accession 5 (including its duplicate, accession 6), and accession 154 (including its duplicate, accession grouped, allowing for speculation that these may have originated in the same country. Of the 26 accessions in group 3, 16 (62 %) possessed at least one rare allele, which distinguishes the F. × ananassa accessions in this group from those in other groups.
The remaining 130 accessions were clustered into Groups 4 and 5, indicating minimal variability among these accessions within groups. Group 4 contained 48 F. × ananassa accessions (17 from United States, 13 from Japan, 11 from Korea, 4 from Europe, and 1 each from Canada, China, and New Zealand), one octoploid species (F. chiloensis), and six unknown origin accessions ( Figure  3 ). F. chiloensis, which is one of the parents of F. × ananassa cultivars, was located in a subcluster with three wild strawberry accessions (accession 19, accession 20, and accession 129) and three new accessions (accession 131, accession 132, and accession 145).
Group 5 contained 69 F. × ananassa accessions (27 from Japan, 19 from the United States, 12 from Korea, 6 from Europe, 3 from Israel, and 2 from Canada) and six unknown origin accessions ( Figure 3 and Table 1 ). Our five SSR markers confirmed the pedigree of some accessions such as accession 17 (the offspring of accession 41 and accession 42) and accession 38, and accession 54 (the grandparent of accession 12) ( Figure 3 and Table 1 ). In addition. as shown in Figure 3 and Table 1 , accession 134 was the offspring of accession 16, accession 26, and accession 52 were parents of accession 135, and accession 45 was one of the parents of accession 26. Certain accessions that shared at least one parent were also closely clustered. For example, accession 74 and accession 78 were both offspring of 'Earlibelle' and 'ARK5063'. Accession 139 and accessions 83 (including its duplicate, accession 84) shared the parent 'Rosalinda', and accession 139 and accession 117 shared the parent 'Osogrande' ( Figure  3 and Table 1 ). By contrast, some accessions were in different groups despite sharing parents. For example, accession 39 (group 3) and accession 17 (group 4) were both offspring of accession 38 and 'Hokowase' (Figure 3 and Table 1 ). This result confirmed the previous observations of these accessions that clustered into the different group (Cho et al., 2007) . Similarly, accession 16 (group 4) and accession 4 (group 5) were in different groups despite sharing parents (accession 26 and accession 52). This latter result was unexpected, as previous research had placed accession 16 and accession 4 in the same group (Hong et al., 2014) which might be due to the use of different batches of strawberry accessions or the number of accessions compared in two studies.
To date, most reports classifying Korean strawberry resources have examined only small numbers of accessions, such as those registered in the RDA-Genebank Information Center (http://www.genebank.go.kr). In this study, we presented an expanded dendrogram classifying 160 Korea strawberry breeding accessions, including 30 new, unregistered accessions. These new accessions were distributed throughout the dendrogram: three accessions in group 1, five in group 3, twelve in group 4, 155)) that appeared to have the same allelic patterns for the five SSR markers (Figure 3) . These results supported the effectiveness of our genotyping approach. However, two additional duplicates (accession 41 (including its duplicate, accession 42) and accession 50 (including its duplicate, accession 51)), which were collected separately, appeared to be of different genotypes. The two accessions 41 and 42 were similar but not identical (Figure 3) , and both belonged to group 4. One allele (302 bp from FG7c/d) was present in accession 41 but was absent in accession 42. The two accessions 50 and 51 were genetically distant and belonged to groups 3 and 5, respectively (Figure 3 ). These two accessions differed by 10 alleles, suggesting that they were from different strawberry lines.
Excluding the five duplicate pairs, the genetic similarities of the strawberry accessions were in the range 0.034-0.963, with an average value of 0.507. The highest similarity value (0.963) was between accession 148 (unknown origin) and accession 43 (from Japan), and between accession 125 (from Russia) and accession 120 (from Germany). The lowest similarity value (0.034) was between accession 159 (unknown origin) and accession 119 (from China).
The 160 strawberry accessions were divided into five groups according to genetic distance (Figure 3) . Group 1 contained two diploid F. vesca species (accession 159 and accession 144) and one new accession, accession 160. These accessions were dissimilar to other accessions and were genetically distant showing the lower genetic similarities with other accessions (0.1, 0.19, 0.16 for accession 159, accession 144, and accession 160, respectively) compared to the average genetic similarities among the 160 accessions (0.509). These three accessions possessed relatively few SSR alleles (5 in accession 159, 11 in accession 144, and 9 in accession 160), compared to the average from all accessions (21.9). This was consistent with the simpler genetic structure found in diploid species such as F. vesca compared to octoploid species (F. chiloensis and F. × ananassa) . These data suggested that accession 160 belonged to F. vesca or another diploid species. Group 2 contained only one accession, accession 80, which was collected from the United States (Figure 3) . One accession-specific allele (291 bp at FG7c/d) was detected in accession 80, alongside a further 16 SSR alleles.
Group 3 contained 20 F. × ananassa accessions (8 from the United States, 5 from Japan, 3 each from Korea and Europe, and 1 from China) and six unknown origin accessions (Figure 3) . In this group, several accessions were closely grouped in line with their geographical origins. For example, three accessions from the United States (accession 94, accession 107, and accession 90) and three from Japan (accession 49, accession 56, and accession 50 (including its duplicate, accession 51)) were closely grouped. Four of the six unknown origin accessions (accession 154 (including its duplicate, accession 155), accession 152, and accession 151) were also closely and ten in group 5. Further phenotypic classification of the new accessions, coupled with our marker-associated analysis, will enhance their value in breeding programs. Many of the accessions characterized in this study were generated by preexisting breeding programs, and consequently exhibited minimal genetic variation. The characterization of 160 strawberry accessions in the study will allow breeders to design new breeding strategies to incorporate more genetic diversity into new cultivars.
